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Recently, there have been considerable attention to search for ultralight dark matter by measuring
the oscillating length changes in the arm cavities of gravitational wave detectors. Although gravita-
tional wave detectors are extremely sensitive for measuring the differential arm length changes, the
sensitivity to dark matter is largely attenuated, since the effect of dark matter is mostly common
to arm cavity test masses. Here, we propose to use auxiliary length channels, which measure the
changes in the power and signal recycling cavity lengths and the differential Michelson interferom-
eter length. The sensitivity to dark matter can be enhanced, since auxiliary interferometers have
more asymmetry than two arm cavities. We show that the sensitivity to U(1)B−L gauge boson
dark matter with masses below 7× 10−14 eV can be greatly enhanced, when our method is applied
for a cryogenic gravitational wave detector KAGRA, which employs sapphire test masses and fused
silica auxiliary mirrors. We show that KAGRA can probe more than an order of magnitude of
unexplored parameter space at masses around 1.5 × 10−14 eV, without any modifications to the
existing interferometer.
INTRODUCTION
Despite strong observational evidences for the exis-
tence of dark matter, its identity and properties remain
a mystery. For decades, the conventional dark mat-
ter searches have been focusing on weakly interacting
massive particles (WIMPs) with mass around the weak
scale. However, no evidence for WIMPs may suggest us
the importance of testing other dark matter candidates
spreading over the huge target mass range 10−22 eV .
m . 1069 eV, extending over 90 orders of magnitude [1].
Among various candidates, bosonic ultralight fields with
masses 10−22 eV . m . 1 eV are well motivated by cos-
mology, since they behave as classical wave fields, rather
than individual particles [2, 3].
Recently, a number of novel ideas are proposed to
search for ultralight dark matter candidates using laser
interferometers at various scales [4–18], from centimeter-
scale optical cavities to kilometer-scale gravitational
wave detectors such as Advanced LIGO (aLIGO) [19, 20],
Advanced Virgo [21], and KAGRA [22, 23]. Laser inter-
ferometers are very sensitive to oscillating changes in the
phase velocity of photons or the optical path length, and
are thus suitable devices to look for ultralight dark mat-
ter candidates that cause these effects. Axion-like parti-
cles can be searched for by measuring the phase velocity
difference between the left- and right-handed polarized
photons [4–8]. Scalar fields which cause time variation of
the fine structure constant or the particle masses can be
probed by measuring the size changes in mirrors or spac-
ers of rigid optical cavities [9–12]. These fields can also
be searched for by measuring the acceleration caused by
the spacial gradient of the mass of the mirrors [13, 14].
The massive vector field weakly coupled to the stan-
dard model sector (also known as dark photon) via the
baryon number B or the baryon minus lepton number
B − L is recently receiving attention as yet another ul-
tralight dark matter candidate. The theoretical attempts
to identify U(1)B or U(1)B−L as a gauge symmetry have
been explored as a natural extension of the standard
model. Although U(1)B symmetry is anomalous in the
standard model, the anomaly can be cancelled by intro-
ducing an additional degree of freedom, e.g. the Green-
Schwartz mechanism [24]. In this case, the U(1)B gauge
boson acquires its mass through the Stueckelberg mech-
anism. On the other hand, U(1)B−L is anomaly-free so
that it can be gauged without additional ingredients. The
U(1)B−L gauge boson can also possess its mass via the
Higgs mechanism and then the mass is proportional to
the gauge coupling constant. Therefore, if the U(1)B−L
gauge boson is ultralight dark matter, we expect that its
coupling to the standard model is suppressed and need
highly sensitive experiments to detect it. There are sev-
eral proposals to search for such vector fields by mea-
suring the oscillating forces acting on mirrors with laser
interferometers [15–18].
Among these proposals to probe various ultralight dark
matter candidates with laser interferometers, the use of
gravitational wave detectors is often considered, due to
their extremely high displacement sensitivity, in the or-
der of 10−20 m/
√
Hz at around 100 Hz [20]. Although
gravitational wave detectors are highly sensitive to mea-
sure differential length changes in two perpendicular arm
cavities, length changes driven by ultralight scalar or vec-
tor fields are mostly common to arm cavity test masses,
and most of the effects are cancelled out. The sensitivity
2to dark matter couplings therefore rely on slight asym-
metry between the arms or slight difference in the phase
of the dark matter field at two distant test masses of the
arm cavity.
In this Letter, we propose to use auxiliary length chan-
nels of gravitational wave detectors, such as the chan-
nels to monitor changes in the power and signal recy-
cling cavity lengths and differential Michelson interfer-
ometer length, to enhance the sensitivity to dark mat-
ter couplings. We especially consider vector fields, and
show that the sensitivity can be improved compared to
the search using the main differential arm length chan-
nel, when the main test masses and auxiliary mirrors
have different charges to which dark matter is coupled.
This condition is satisfied for the coupling between the
U(1)B−L gauge field and cryogenic gravitational wave
detectors such as KAGRA, which employ sapphire test
masses and fused silica auxiliary mirrors.
In what follows, we start by briefly introducing the in-
terferometer configuration of KAGRA and aLIGO, and
define the length channels of the interferometer. Then
we show how these channels are modulated by the cou-
pling of the U(1)B and U(1)B−L gauge fields to the as-
sociated charge of the mirrors. Next, we describe the
prospected sensitivity curves for the coupling constant
for each length channel. Lastly, we give a short discus-
sion and conclude our result. Throughout this Letter, we
use natural units ~ = c = ǫ0 = 1.
LENGTH CHANNELS OF GRAVITATIONAL
WAVE DETECTORS
The interferometer configuration of KAGRA and
aLIGO is a dual-recycled Fabry-Pe´rot-Michelson interfer-
ometer, as shown in Fig. 1. It is based on a Michelson in-
terferometer that has two Fabry-Pe´rot cavities of length
Lx = Ly ≡ Larm in perpendicular arms. The arm cav-
ity is formed by the input test mass (ITM) and the end
test mass (ETM), and the main gravitational wave signal
is imprinted in the differential arm length (DARM). To
achieve high DARM sensitivity, the differential Michelson
interferometer length (MICH) between the beam split-
ter (BS) and two ITMs are controlled at the dark fringe
at the anti-symmetric port where DARM channel is ob-
tained. The most of the input beam is reflected back
to the direction of the laser source, where a power recy-
cling mirror (PRM) is located. The PRM and two ITMs
form a power recycling cavity, and its length (PRCL) is
controlled to effectively enhance the input power. Addi-
tionally, a signal recycling mirror (SRM) is located at the
anti-symmetric port to change the frequency response of
the interferometer by tuning the signal recycling cavity
length (SRCL). The length changes of these auxiliary de-
grees of freedom can be obtained from the reflection port
and the pick-off port of the power recycling cavity. Using
pick-off
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FIG. 1. The schematic of a dual-recycled Fabry-Pe´rot-
Michelson interferometer, such as KAGRA and aLIGO. ITM
(ETM): input (end) test mass, BS: beam splitter, PRM:
power recycling mirror, SRM: signal recycling mirror. In KA-
GRA, ITMs and ETMs are made of sapphire, while other
auxiliary mirrors are made of fused silica.
TABLE I. KAGRA interferometer length parameters used for
the sensitivity calculation [22]. See Fig. 1 for the length sym-
bols. Length l′p (l
′
s) are the distance between PRM (SRM)
and BS along the x (y) axis. For aLIGO, Larm = 3995 m. All
values in the unit of m.
Larm lx ly lp ls l
′
p l
′
s
KAGRA 3000 26.7 23.3 66.6 66.6 19.5 19.4
the length symbols in Fig. 1, changes in DARM, MICH,
PRCL and SRCL can be written as
δLDARM = δ(Lx − Ly), (1)
δLMICH = δ(lx − ly), (2)
δLPRCL = δ[(lx + ly)/2 + lp], (3)
δLSRCL = δ[(lx + ly)/2 + ls], (4)
respectively. Here, lp (ls) is the folded optical path length
between PRM (SRM) and BS. The interferometer length
parameters are listed in Table I.
While the interferometer configuration is similar be-
tween KAGRA and aLIGO, mirror substrate for the arm
cavity test masses are different. While aLIGO employs
room temperature fused silica mirrors for all the mir-
rors, KAGRA employs sapphire for cryogenic test masses,
ITMs and ETMs, and fused silica for room temperature
auxiliary mirrors. Cryogenic cooling of the test masses is
a promising way to reduce thermal noise, and future grav-
itational wave detectors such as LIGO Voyager [25], Ein-
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FIG. 2. The designed displacement sensitivity of KAGRA.
The designed DARM sensitivity for aLIGO is also shown for
comparison. Sensitivity data for KAGRA was obtained from
Ref. [28], and that for aLIGO was obtained from Ref. [29].
stein Telescope [26] and Cosmic Explorer [27] also plan to
operate at cryogenic temperatures. The use of the sub-
strate other than fused silica for the test masses is neces-
sary for cryogenic interferometers, since the mechanical
loss of fused silica increases at cryogenic temperatures.
The designed displacement sensitivity of KAGRA for
each length degree of freedom is shown in Fig. 2. For
DARM, the sensitivity is limited by the seismic noise
and the thermal noise at low frequencies, and the quan-
tum noise at high frequencies, as described in detail in
Ref. [30]. For auxiliary degrees of freedom, the sensitivity
is limited by the electronics noises in the mirror actua-
tion below ∼ 4 Hz for MICH and SRCL, below ∼ 40 Hz
for PRCL [31]. The actuator noise for PRCL is larger
since power recycling mirrors are suspended by simpler
vibration isolation systems and require larger actuation
range. The sensitivity at higher frequencies is limited by
the quantum shot noise [22].
LENGTH CHANGES FROM VECTOR DARK
MATTER
We focus on the massive vector field coupled with B
or B − L current JνD, whose Lagrangian is given by
L = −1
4
FµνFµν +
1
2
m2AA
νAν − ǫDeJνDAν , (5)
where Fµν ≡ ∂µAν − ∂νAµ is the field strength, mA is
the mass of the vector field, and ǫD is the gauge coupling
constant normalized to the electromagnetic coupling con-
stant e. The vector dark matter field at location ~x is
given by
~A(t, ~x) =
√
2ρDM
mA
~eA cos (mAt− ~k · ~x+ δτ (t)), (6)
where ~eA is the unit vector parallel to ~A, ρDM ≃
0.3 GeV/cm3 is the local dark matter density, and k =
mAv with v ≃ 10−3 being the local velocity of dark mat-
ter. Note that A0 is negligibly smaller than Ai and we
ignore it. The phase factor δτ (t) can be regarded con-
stant within the coherent time scale τ = 2π/(mv2).
In the same way as the electric force ~F = −qe ~˙A in the
electromagnetism, the non-relativistic vector field accel-
erates a free falling object i with a charge qD,i and mass
Mi as
~ai(t, ~xi) = ǫDe
qD,i
Mi
√
2ρDM~eA sin (mAt− ~k · ~xi) (7)
≡ ai~eA sin (mAt− ~k · ~xi). (8)
For a U(1)B gauge boson, qB/M = A/µ/mn ≃ 1/mn,
where A is the mass number, µ is the atomic mass in
atomic units, and mn is the neutron mass, is almost iden-
tical between different materials. For fused silica and
sapphire, A/µ − 1 is 5.5 × 10−4 and 5.1 × 10−4, respec-
tively. On the other hand, for a U(1)B−L gauge boson,
qB−L/M = (A − Z)/µ/mn, where Z is the atomic num-
ber, and the neutron ratio (A−Z)/µ ≃ 0.5 would be more
distinguishable between different materials. For fused sil-
ica and sapphire, it is 0.501 and 0.51, respectively.
Let us consider two test masses placed along the x
axis, separated by a distance Lx. The length changes
along the x axis from dark matter induced acceleration
can be calculated by
δLx =
1
2
∫
dt
∫
dt~ex · [~a1(t, ~x1)
+ ~a1(t− 2Lx, ~x1)− 2~a2(t− Lx, ~x2)],
(9)
where ~ex is the unit vector along the x axis. For
mALx ≪ 1, which is the case in the mass range KAGRA
and aLIGO can probe, the amplitude of the oscillating
length change is given by
δLx,0 =
cosΩA
m2A
[(
a1
(
1− m
2
AL
2
x
2
)
− a2
)2
+a1a2(kLx cosΩk)
2
]1/2
,
(10)
where ΩA is the angle between ~A and the x axis, and
Ωk is the angle between ~k and the x axis. At around
100 Hz, where ground-based gravitational wave detectors
are most sensitive, mA ≃ 4 × 10−13 eV, and 2π/k ≃
3× 109 m. Therefore, m2AL2x and kLx are in the order of
10−5 for kilometer-scale interferometers, and the length
changes are largely attenuated when a1 = a2. In the
case when a1 = a2, them
2
AL
2
x term which comes from the
4finite light travel time between two test masses dominates
in the mass range mA ≫ v/Lx [37].
By taking the average over all possible directions of ~A
and ~k, we obtain
√
〈δL2x,0〉 =
1
3m2A
[
3
(
a1
(
1− m
2
AL
2
x
2
)
− a2
)2
+a1a2(kLx)
2
]1/2
,
(11)
Here, for simplicity, we assumed that the directions of ~A
and ~k are not correlated as the three components of ~A are
in equilibrium, although vector dark matter might have
only had its longitudinal or transverse modes in the early
universe depending on the production mechanism [33–
36]. A similar calculation can be done for two mirrors
along the y axis, and we can obtain the same result for
the angular average.
Plugging the above equations to Eqs. (2)–(4), the av-
eraged amplitude of the oscillating length changes from
the vector field will be√
〈δL2DARM,0〉 =
√
〈δL2x,0〉+ 〈δL2y,0〉 (12)√
〈δL2MICH,0〉 =
√
〈δl2x,0〉+ 〈δl2y,0〉 (13)
√
〈δL2PRCL,0〉 =
√
〈(δlx,0 + 2δl′p,0)2〉+ 〈δl2y,0〉
2
(14)
√
〈δL2SRCL,0〉 =
√
〈δl2x,0〉+ 〈(δly,0 + 2δl′s,0)2〉
2
. (15)
Here, l′p (l
′
s) is the distance between PRM (SRM) and
BS along the x (y) axis (see Table I). The effect from the
folding mirrors of the recycling cavities is negligible, since
two folding mirrors are made of the same material and
the distance between the folding mirrors is 10–20 m for
both KAGRA and aLIGO. Note that the angular average
can be done independently for the lengths along x axis
and y axis, since two axes are orthogonal.
SENSITIVITY TO B AND B − L COUPLING
With one-sided spectrum of the displacement sensitiv-
ity of
√
Sd(mA), the signal-to-noise ratio (SNR) to the
length changes from the vector field in average
√
〈δL2d,0〉
is given by
SNR =
√
Teff
2
√
Sd(mA)
√
〈δL2d,0〉, (16)
where d runs from DARM, MICH, PRCL and SRCL.
When the total measurement time Tobs is shorter than
the coherent time τ , the dark matter field oscillation
can be regarded as coherent and Teff = Tobs. However,
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FIG. 3. The projected sensitivity for B (upper) and B − L
(lower) vector dark matter couplings of KAGRA and aLIGO
with the measurement time of Tobs = 1 year. The shaded
regions show bounds from fifth-force searches with Eo¨t-Wash
torsion pendulum [38, 39] (yellow) and MICROSCOPE satel-
lite [40] (light blue). Bounds on the coupling constant of the
Yukawa potential α from these fifth-force searches are con-
verted to ǫD using ǫ
2
D = αGm
2
n/(e
2/4π), where G is the grav-
itational constant. The bound for B coupling from 893 hours
of aLIGO O1 DARM data [41] is also shown for comparison.
when Tobs & τ , the phase factor δτ behaves as a ran-
dom variable staying constant for each period of τ , and
Teff =
√
Tobsτ [42]. At 100 Hz or mA ≃ 4 × 10−13 eV,
the coherent time is τ ≃ 104 sec.
By setting the SNR to unity, we obtain the detectable
limit to
√
〈δL2d,0〉, which can be converted into the cou-
pling constant ǫD using the equations above. Figure 3
shows the projected sensitivity of KAGRA and aLIGO
for B and B − L vector dark matter couplings. Here,
displacement sensitivity shown in Fig. 2 and length pa-
rameters in Table I are used, and Tobs is set to 1 year.
5For B coupling, DARM gives the best sensitivity for
almost all the mass range, due to the longest interferom-
eter length. Below mA . 7 × 10−14 eV, the sensitivity
from kL term in Eq. (11) dominates, while above that
mass, the sensitivity from m2AL
2 term dominates. For
mA . 4 × 10−14 eV, auxiliary channels give better sen-
sitivity, which comes from the difference in the charge
density qB/M between sapphire and fused silica at 10
−5
level. On the other hand, for B − L coupling, auxiliary
channels give better sensitivity for mA . 2 × 10−13 eV
than DARM, owing to the difference in qB−L/M be-
tween sapphire and fused silica at 10−2 level. Espe-
cially, when the MICH channel is used, KAGRA can
reach ǫB−L ≃ 4.5 × 10−26 at mA ≃ 1.5 × 10−14 eV,
which is more than an order of magnitude improvement
compared with the bounds set by the MICROSCOPE
experiment [40].
We note that there are various technical noises at low
frequencies which would degrade the sensitivity for vec-
tor dark matter in a lower mass range. In aLIGO during
its first observing run O1, the displacement sensitivity in
the order of 10−16 m/
√
Hz was achieved above ∼ 20 Hz
for auxiliary length channels [20]. At lower frequencies,
the beam splitter motion and electronics noises in the
local sensors for the damping control of the suspension
resonances were larger than the seismic noise and the ac-
tuator noise. Such noises can be reduced by feed-forward
cancellation technique and by the use of improved local
sensors [43].
It is worth pointing out that our scheme can be applied
to KAGRA without any modification to the existing in-
terferometer and without loosing any sensitivity to grav-
itational waves. The use of auxiliary channels has an ad-
vantage over the main DARM channel in which it is eas-
ier to differentiate dark matter signals from gravitational
wave signals. This is because the length change caused
by gravitational waves is smaller than that for DARM
by two orders of magnitude, due to the shorter interfer-
ometer length. Sensitivity for B − L vector dark matter
similar to KAGRA can also be achieved with aLIGO if
the auxiliary mirrors are replaced to, for example, sap-
phire mirrors. Changing the material of the auxiliary
mirrors has negligible impact on the gravitational wave
sensitivity, since the coupling of the displacement noise
of auxiliary mirrors to DARM is smaller than O(10−2)
in the observation band [20].
CONCLUSION
We proposed to use auxiliary length channels from
gravitational wave detectors to search for ultralight vec-
tor dark matter. We have shown that when our scheme
is applied to B − L vector dark matter search with the
cryogenic gravitational wave detector KAGRA, the sensi-
tivity for mA . 2×10−13 eV can be improved, compared
with the search using the main differential arm length
channel and other fifth-force experiments. It is shown
that more than an order of magnitude of unexplored re-
gion can be probed at masses around 1.5×10−14 eV. This
is because KAGRA uses different substrate for the test
masses and the auxiliary mirrors. The auxiliary channels
measure the changes in the lengths between the sapphire
test masses and the fused silica auxiliary mirrors, which
have different B − L charge densities.
Future gravitational wave detectors also plan to use
cryogenic arm cavity test masses which are made of dif-
ferent substrate from that of room temperature auxiliary
mirrors. The sensitivity to ultralight dark matter de-
pends on the detailed design of the auxiliary mirrors, but
the sensitivity improvement over the designed sensitivity
of KAGRA can be expected, not only for gravitational
waves, but also for signals from ultralight dark matter.
Our proposal opens up new possibilities for dark matter
searches with gravitational wave detectors.
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